microalgal MIR spectroscopy research has focused largely on characterizing mixed 170 populations of microalgae, macromolecular composition, and phenotypic changes in 171 microalgae from nutrient stress (Fig. 3) . Off-line MIR can also be used to characterize mixed 172 populations of microalgae at a strain level due to subtle changes in molecular content 173 between strains [57] . Therefore, MIR may be useful to monitor open and mixed microalgal 174 systems such as high-rate algal ponds or culture purity in closed productions if successfully 175 implemented on-line/in-line. The sensitivity of off-line MIR measurements can also elucidate 176 molecular changes within an organism facilitated by metal sorption [58] [59] [60] , which may be 177 useful to understand the accumulation of metals of microalgae treating wastewaters. MIR 178 spectroscopy has also been used to monitor intercellular sugars for mixotrophic and 179 heterotrophic microalgae productions [61] . The entire range of microalgal analytes that can 180 be measured using MIR spectroscopy on-line/in-line and off-line can be seen in Fig. 2 While off-line studies of MIR for microalgae analysis continue, little work has been done 183 to advance the use of on-line/in-line MIR spectroscopy in microalgal suspensions most likely 184 because of the spectral interference of water. However, a promising mode of MIR for wet 185 applications is attenuated total reflectance Fourier transform infrared (ATR-FTR), which has 186 had growing applications in pharmaceutical, agro-food, and environmental sectors and can be 187 used on-line/in-line in liquid media (see reviews by [20] and [21] ). of mixotrophic Scenedesmus obliquus, in situ with a fiber optic probe. In the study, the 192 authors successfully predicted lactose, glucose, and galactose in a mixture of Bold's basal 193 media and cheese water permeate wastewater. Using a partial least squares regression (PLSR) 194 model, the authors established a high correlation (R 2 > 99.9) for each sugar with ATR-FTIR 195 spectra as the proportions of these sugars changed over several days of the experiment.
196
Similarly, As recent as 2015, Vogt and White [62] have been developing a Horizontal ATR-
197
FTIR system to monitor chemical composition of Dunaliela Parva, which may be applied Alternatively, flow-through cell microspectroscopy coupled with FTIR (micro-FTIR) is 203 another method to monitor microalgal macromolecules in vivo; however, its use is limited to 204 in-line diversion of microalgal suspensions to the micro-FTIR apparatus (Fig. 1 ). Unlike 205 ATR-FTIR, micro-FTIR is still limited from water interferences; however, microscopically 206 focused radiation and high spatial resolution detectors minimize the interference of water 207 [63] . Heraud et al. [64] demonstrated that FTIR spectra for proteins and lipids could be 208 obtained with a micro-FTIR fixed on the large (~200 micron) microalgae Micrasterias hardyi 209 observed in a flow-through cell. In the flow-through cell, the microalgae cell was alive and 210 viable, while changes in proteins and lipids were monitored as nutrient amended media 211 flowed by the microalga. Flow-through cells may represent a possible avenue for in-line (in 212 situ or ex situ) monitoring of microalgal cells with minimal volume loss. These flow-through 213 cells, or microfluidic cells, which have been used off-line, broaden the possibilities of using 214 micro-FTIR in-line, and have thus been overviewed in this work ( Fig. 3) .
215
Despite the few applications of MIR in PAT, there are numerous studies addressing MIR 216 spectroscopy for improving microalgal productions; specifically, nutrient stress dynamics 217 (Fig. 3) . The contributions of off-line MIR spectra to databases is also important for on-218 line/in-line MIR development. A study by Laurens and Wolfrum [66] recorded FTIR spectra of triglyceride and phospholipids of "wet" samples of Nannochloropsis sp., Chlorococcum 220 sp., Spirulina sp. and an unknown diatom without any sample preparation. Triglyceride 221 predictions from FTIR spectra were acceptable (R 2 > 0.902), whereas phospholipid 222 predictions were low (R 2 = 0.588). Wagner et al. [17] showed that relative spectral changes 223 in carbohydrate/protein ratios in Chlamydomonas reinhardtii could be differentiated as the Raman spectroscopy is another high-selectivity spectroscopy tool used to monitor a 296 variety of molecules in microalgae, in which most studies are aimed at the quantitative 297 determination of various lipids and pigments ( Fig. 2 and Fig. 3 ). Unlike MIR and NIR, the 298 vast majority Raman spectroscopy studies focus on in vivo or wet microalgal analysis since 299 there is a weak spectral interference of water, making Raman spectroscopy desirable for the 300 analysis of in vivo biological samples [79] (Fig. 2 and Fig. 3 ). Raman spectroscopy is a 301 burgeoning field of spectroscopy, which can be used also in combination with infrared 302 spectroscopy [9, 31, 80] . Like FTIR, Raman can also be used to identify microalgae species; 303 however, research related to this is scarce [39, 43, 54, 81, 82] .
304
Similar to the background interference of water in IR, Raman spectroscopy can be 305 complicated by background fluorescence spectra [21, 42, 83] , and colored samples with Raman microscopic advances have PAT potential for microalga suspensions (Fig. 3) . for industry [98, 99] , which are also much more simple to construct than MIR and Raman.
406
• Culture density Where low density bioreactions are concerned, MIR is the most suitable 407 followed by Raman and then NIR. The lower detection of NIR, for example, compared 408 with FTIR, makes the latter a desirable option for quantification at sub g/L concentrations 409 [100] often observed in microalgal bioreactions. [8, 9, 114] to monitor a number of bioprocesses. However, the soft 444 sensor building is nontrivial and the robustness is contingent on the frequency of analysis of 445 the desired CQA. However, it is also possible to use real-time vibrational spectroscopy 446 temporarily to train soft sensor models until a robust soft sensor model is created. Temporally 447 segmented modelling can be used to focus efforts on highly controlled growth and production 448 phases in bioprocesses to develop models [115] , terminating when a robust soft sensor model 449 has been correlated to a CPP already in use (e.g. pH). An outdoor microalgal model might 450 employ temporal segmentation based on periods of consistent media, temperature, and light 451 to develop primary models. In doing so, future contamination concerns of in-line and in situ 452 on-line monitoring are alleviated once a model has been built and the probe is removed.
453
Furthermore, spectroscopic techniques such as fluorescence [107] and NIR spectroscopy 454 [116] have been suggested to refine these soft sensor algorithms.
455
Though using vibrational spectroscopic techniques ultimately adds to the production cost, 456 the compatibility of these technologies with fiber optics leaves the authors with a broad 457 suggestion: consider sampling ports, optical conduit ports, or transparent surfaces in the 458 design of a reactor to permit permanent or temporary spectroscopy for model building.
459
Despite the appeal of on-line/in-line sensors, the development of at-line/off-line tools may 460 still critical for PAT and model building. Acquiring and sharing spectral information into 461 databases and repositories can aid in model training, which can then be adopted into other 462 microalgal processes. Furthermore, academic data acquisition and model building at the early 463 stages of microalgal industry development may benefit future productions with models built 464 from on-line spectral databases. Ultimately, facilitating "big data" in the microalgae arena at 465 an early stage may benefit the industry later on from a number of profound advances in data 466 science. prediction is of concern MIR instruments are the most promising, and Raman spectroscopy 476 has an outlook of competing with these instruments with growing spectral libraries and 477 technological advancements. NIR instruments remain cheap and reliable for measuring basic 478 constituents in liquid (e.g. lipid, carbohydrates, and proteins), which may improve with 479 advanced chemometrics and modelling of new spectral contributions in the NIR range. 
